The thermal responses of membrane lipid composition and function in two bacterial species isolated recently from Heywood Lake sediment in Antarctica have been investigated. Both isolates are Gram-negative psychrotolerant (psychrotrophic) species growing well at 0 and 25 "C, but having very Werent optimum growth temperatures, of 9.7 "C for strain CR3/F/w/1/15 and 20.9 "C for strain CR3/F/w/2/10. The acyl lipids in strain 1/15 contain predominantly branched-chain fatty acids, mainly anteiso-15: 0. The fatty acid composition and its response to temperature depends on the culture medium used. In nutrient-poor medium a wider range is found, including unsaturated fatty acids, which are absent when a nutrient-rich medium is used. A decrease in growth temperature produced a shortening of the average fatty acid chain length in rich medium, whereas in poor medium there was a decrease in straight-chain, saturated and unsaturated relative to branched-chain fatty acids. The acyl lipids of strain 2/10 contain 16: 0 and 16: 1 as the major fatty acids, particularly in rich medium, when they comprise > 90 % of the total. Increasing proportions of 16: 1 were converted to cyclopropane-17: 0 at higher temperatures during growth in poor medium. A decrease in growth temperature in rich or poor medium resulted in an increase in the unsaturation index. When the bacteria were grown in rich or poor medium at 5°C the strain with more 'psychrophilic' characteristics (1/15) took up glucose at a faster rate than did the strain with more 'psychrotrophic' characteristics (2/10), whereas when they were grown at 20 "C in either medium the rate of glucose uptake by strain 2/10 was generally faster than that of strain 1/15. Thus, when the bacteria were grown at a low temperature the glucose uptake system of the more 'psychrophilic' strain was better adapted to function at zero, compared with that of the more 'psychrotrophic' strain. The basis of this difference is not due to the lack of temperature-dependent fatty acid changes, as reported previously for some other cold-adapted bacteria.
Introduction
Bacteria which are capable of growing at or close to 0 "C can be divided into two groups based on their cardinal growth temperatures, and the most widely accepted definitions are those of Morita (1975) . Psychrophiles are defined as having optimum growth temperatures below 15 "C and upper growth temperature limits below 20 "C. In contrast, psychrotrophs (psychrotolerants) have upper growth temperature limits above 20 "C (sometimes as high as 40°C) irrespective of the optimum growth temperature. Thus, compared with psychrotrophs, psychrophiles grow over a narrower temperature range. Although not all cold-adapted bacteria fit neatly into this classification, it is a useful scheme because it relates to the environmental origins of the two groups: psychrophiles tend to be isolated more frequently from thermally-stable cold (i.e. < 5 "C) habitats, whereas psychrotrophs are more characteristic of thermallyunstable cold habitats (Baross & Morita, 1978) . However, it should be noted that relatively few truly psychrophilic species have been isolated even from permanently-cold environments (e.g. see Upton & Nedwell, 1989; Delille & Perret, 1989) .
The question arises, 'are these two groups distinguishable by their biochemical characteristics?' It is well known that one of the most common adaptations to changes in temperature is in the fatty acid composition of membrane lipids, which enables an organism to sustain its membrane function at low temperatures (Russell, 1984 (Russell, ,1989 . Since psychrophiles and psychrotrophs have different thermal growth ranges, it is possible that this is due to differences in the extent or way in which the two groups modify their fatty acid compositions. There is evidence to suggest that psychrophiles are more likely than psychrotrophs to alter their fatty acid compQsition 0001-6171 O 1990 SGM N . Fukunaga and N . J . Russell in response to low temperature , 1980 and that this might be related to the ability of psychrophiles to take up nutrients better at zero than at higher temperatures . The ability to take up solutes efficiently at low temperatures is generally regarded as one of the key features of psyc hrop hilic (and psyc hrotrop hic) micro-organisms, enabling them to grow at 0 "C (reviewed in Herbert Russell, 1990) . Ellis-Evans & WynnWilliams (1985) found that glucose utilization at 0 "C was higher in a psychrotrophic bacterium isolated from a permanently-cold environment compared with a psyc hrotroph isolated from a thermally-unstable cold habitat. However, the hypothesis that efficient solute uptake due to modulation of fatty acid composition is a distinguishing feature of psychrophiles and psychrotrophs has been investigated in very few cold-adapted bacteria and not at all in those which span the accepted definitions of psychrophiles and psychrotrophs (uide supra). Therefore, we have analysed the fatty acid compositions and ability to take up glucose in two psychrotrophic bacteria isolated recently from lake sediment in Antarctica. Although both isolates have similar psychrotrophic growth temperature ranges, they have very different optimum growth temperatures, one being 'psychrophilic' and the other 'psychrotrophic'. Consequently, they are particularly suitable organisms with which to test the relationship between cardinal growth temperatures and the ability to modify membrane lipid composition and function.
Methods
Bacterial strains. The two psychrotrophic bacteria were isolated by Dr A. C. Upton (University of Essex, UK) from sediment obtained from Heywood Lake on Signy Island in the maritime Antarctic. Samples of sediment were enriched in two identical chemostats operating under different thermal regimes. Both chemostats used a modified FC2 medium (vide infra) and a dilution rate of 0.02 h-l (Upton, 1988) . Using a fluctuating 1 to 16°C temperature cycle the strain CR3/F/w/l/l5 was isolated from the steady-state community, whereas when a constant temperature of 8°C was used the strain CR3/F/w/2/10 became the dominant organism (Upton et al., 1990) .
Strain 1/15 is a Gram-negative, motile short rod; and strain 2/10 is a Gram-negative, motile coccoid rod. Both strains are capable of growth at 0 "C; however, the optimum and maximum growth temperatures of strain 1/15 are 9.7 and 26.5 "C, whereas those of strain 2/10 are 20.9 and 32.0 "C (Upton, 1988) .
Growth of cultures.
Bacteria were grown in a nutrient-rich medium and in a nutrient-poor medium. The rich medium was a modified casein-peptone starch (CPS) medium based on the CPSA medium of Wynn-Williams (1979) containing casein, peptone, glycerol and glucose (as substitute for soluble starch) as carbon/energy sources, and the poor medium was a modified FC2 medium based on the FC2 medium of Brown & Stanley (1972) containing glycerol as the carbon/ energy source; the media are described by Upton (1988) . Batch cultures were grown at 5 or 20°C in a temperature-controlled gyratory incubator, and the bacteria harvested from mid-exponential phase cultures by centrifugation at 8000 g (ray. = 6.98 cm) for 10 min.
Lipid extraction. Total lipid was extracted from bacterial cell pellets using the method of Bligh & Dyer as described in Kates (1986) , and the fatty acid methyl esters prepared by transmethylation using 2.5 % (v/v) H2S04 in dry methanol and analysed by GLC as described previously (Russell & Volkman, 1980) . Transport assays. For transport assays, bacteria were harvested by centrifugation from mid-exponential-phase cultures (vide supra), washed twice with 50 mwsodium/potassium phosphate buffer, pH 6.8, and resuspended in 6-0 ml of the same buffer at a density equivalent to OD,,o = 0-10 (approx. 30 pg dry wt ml-I). The assay was started by the addition of 1.2 pCi (6 pl) of [U-14C]glucose (Amersham, 230 Ci mol-l; 8.5 TBq mol-l). Incubations were performed at 0 or 20°C in a reciprocal-shaking water bath. Samples (0.8 ml) were withdrawn at intervals, filtered through Whatman GF/C filters and washed with the phosphate buffer. The filters were dried, and counted in Lumogel scintillation cocktail (May & Baker) using an LKB Rack-beta liquid scintillation spectrometer equipped with an external standards ratio facility for determination of counting efficiency. Control experiments with killed bacteria or with no bacteria in the incubation mixture showed that there was no residual radioactivity adherent to the bacterial cells or the filters.
Results

Fatty acid composition of strain 1/15
The major fatty acids in strain 1/15 were branched-chain fatty acids, which comprised 93-98% of the total in cultures grown in nutrient-rich medium and 71-97% in nutrient-poor medium (Table 1) . In both rich and poor media, and at all growth temperatures, the predominant In rich medium the main effect of a fall in growth temperature was a decrease in the proportion of anteiso 17 : 0 and a rise in that of anteiso 15 : 0; there was also an increase in straight-chain 15 : 0. Together these changes gave a decrease in the average fatty acid chain length and an increase in the ratio of anteiso to iso-branched fatty acids (Table 1) .
In poor medium, the main effect of a fall in temperature was an increase in anteiso-branched-chain fatty acids and a decrease in iso-branched and straightchain fatty acids; in particular, there was a large decrease in the proportion of 16 : 0 (Table 1) .
Fatty acid composition of strain 2/10
The major fatty acids in strain 2/ 10 were straight-chain, even-numbered, mainly 16 : 0 and 16 : 1 ; branched-chain fatty acids were absent (Table 2) . In both rich and poor media the main effect of a fall in temperature was an increase in the amount of unsaturated fatty acid which was only partly offset by a decrease in cyclopropane fatty acid ( Table 2 ). The conversion of 16 : 1 to cyc 17 : 0 was more pronounced in the poor medium. There was no consistent temperaturedependent change in fatty acid chain length in the rich medium, but there was a relative shortening at lower temperatures in the poor medium (Table 2) .
Transport assays
The initial rate of glucose uptake by both strains was faster at an assay temperature of 20°C compared with 0 "C irrespective of the growth medium composition and culture temperature used (Table 3) . However, a comparison of the two strains shows that when they were grown in rich or poor medium at 20 "C the rate of glucose uptake by strain 2/10 was faster than that of strain 1/15, whereas when they were grown at 5 "C in either medium the rate of uptake of glucose by strain 1/15 was generally faster than that of strain 2/10 ( Table 3 ). The rate of glucose uptake by strain 1/15 was particularly low when it was grown in either medium at 20 "C.
Discussion
The Antarctic bacteria used in this study have interesting fatty acid compositions in that, whilst the fatty acids of strain 2/10 are typical of other Gram-negative bacteria, those in strain 1 /I 5 are not, despite the fact that both isolates have been identified as Pseudomonas spp. Gram-negative bacteria generally contain evennumbered saturated and unsaturated fatty acids, whereas Gram-positive bacteria contain predominantly odd-numbered branched-chain fatty acids (Harwood & Russell, 1984) . Thus most Pseudomonas species contain 16:0, 16:l and 18:1 as their major fatty acids (Wilkinson, 1988) . However, some species of Pseudornonas have atypical fatty acid compositions, and Wilkinson (1988) lists four species containing significant Another feature of the fatty acid composition of strain 1/15 is that it depends on the type of growth medium used, There is a greater variety of fatty acid types in bacteria grown in poor medium, whose lipids contain fatty acids having shorter and longer chain lengths than the major anteiso-branched 15 : 0 ; moreover, they are of a different type -viz. even-numbered and straight-chain, rather than odd-numbered and branched. Their presence is not due to uptake from the culture medium, which does not contain lipid; in addition, the bacteria were washed free of residual spent culture fluid prior to lipid extraction. The data indicate that the primer specificity of fatty acid synthetase is probably regulated by the growth medium constituent(s) (Kaneda, 1977) . There is also an indication that temperature change has the same effect, because in poor medium the variety of fatty acids is greater at higher temperatures. These observations would be relevant to the natural environment, where changes in nutrient availability could alter the lipid composition and hence the function of cellular membranes.
The thermal response of fatty acid composition of strain 1/15 also depends on the type of culture medium used. In rich medium the fatty acid chain length is altered but there is no change in the proportion of branched-chain fatty acids, whereas in poor medium both the pattern of fatty acid branching and the amount of branched-chain fatty acid relative to straight-chain saturated and unsaturated fatty acid is altered. In both media, the direction of the observed fatty acid change would give lower melting-point lipids in bacteria grown at the lower temperature, indicating that the lipid changes could be part of a mechanism to maintain membrane fluidity. The fact that medium composition has such a marked effect on fatty acid composition emphasizes how difficult it is to make direct comparisons between the results of different studies in which different growth media have been used. It also highlights the fact that the thermal modulation of membrane fatty acid composition in the environment may alter with nutrient supply. This could be relevant, for example, in the Antarctic fellfields during spring freeze-thaw cycles, when sugars and polyols are released from lichens and mosses, providing nutrients for a microbial bloom (Tearle, 1987) .
The thermal response of fatty acid composition of strain 2/10 is much less dependent on the growth medium composition. In both rich and poor media the predominant effect of a decrease in growth temperature is an increase in fatty acid unsaturation. However, there is a larger proportion of cyc 17 : O in bacteria grown in the poor medium compared to the rich medium. Cyclopropane fatty acids are made from the corresponding monounsaturated precursor, particularly at the end of growth in batch culture or when growth rate slows (Hanvood & Russell, 1984) . In strain 2/10 this effect is not due to differences in the phase of growth, since all batch cultures were harvested in mid-exponential phase. It is more likely to be an effect of growth rate, because the cultures grew more slowly in the poor medium.
It is clear from the present data that both psychrotrophic bacteria alter their fatty acid composition in response to changes in growth temperature. In a previous study by Herbert and co-workers of four psychrophilic Vibrio spp. and four psychrotrophic Pseudomonas spp. from Antarctica (reviewed by Herbert, 1980) , it was found that the fatty acid and phospholipid compositions of the psychrophiles but not the psychrotrophs altered with changes in culture temperature. Furthermore, it was shown that the uptake/utilization of lactose and glucose by the psychrophiles was greatest at 0 "C and decreased up to 15-20 "C, whereas the psychrotrophs showed the converse, with a maximum at approximately 20 "C. EllisEvans & Wynn- Williams (1985) showed that glucose uptake/utilization in a psychrotroph from a permanently-cold Antarctic environment was maximal at 0 "C but fell at higher temperatures, whereas the converse was true of a psychrotroph isolated from an environment that underwent regular thermal fluctuations. Thus it appears that psychrophiles, and possibly psychrotrophs from permanently-cold habitats, might be better adapted to growth at temperatures close to zero by virtue of their ability to modify their membrane-lipid fatty acid composition, and hence their ability to take up nutrients at low temperatures. However, there are reports of psychrotrophs, including Pseudomonas sp. (e.g. Wada et al., 1987) , which alter their fatty acid composition in response to changes in temperature, but their ability to take up nutrients was not studied.
The present study provides data relevant to the hypothesis linking changes in fatty acid composition with the ability to take up nutrients efficiently and to grow at low temperatures, by comparing two psychrotrophs that have similar growth temperature ranges but dissimilar optimum growth temperatures. Both the strain having more 'psychrophilic' characteristics (1/15) and the strain with more 'psychrotrophic' characteristics (2/10) modify their fatty acid compositions in response to changes in culture temperature. When they are grown at a low temperature (5 "C) the strain with more 'psychrophilic' characteristics (1/15) takes up glucose better than does the strain with more 'psychrotrophic' characteristics (2/10). When they are grown at a higher temperature (20 "C) the converse is true. Thus it appears that the psychrotroph which was isolated under a fluctuating thermal regime (strain 1/15) and has a more 'psychrophilic' optimum growth temperature (9.7 "C) is better adapted to growth at low temperatures than the strain which was isolated under a constant thermal regime and has a more 'psychrotrophic' optimum growth temperature (20.9 "C). This observation agrees with the hypothesis discussed above, except that both strains modify their fatty acid composition -assuming that such changes do indeed have an effect on, for example, membrane fluidity, and therefore inff uence the activity of the glucose uptake system. Overall, the results of this study lend weight to the hypothesis that there is a relationship between the ability to modify membranelipid fatty acid composition and the thermal characteristics of an organism's habitat.
